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In Escherichia coli, Salmonella, and related bacteria, the PhoQ-PhoP
system regulates the expression of a large collection of genes in
response to conditions of low magnesium or to the presence of
certain antimicrobial peptides. We measured transcription of four
PhoP-regulated promoters in E. coli that have significantly differ-
ent PhoP-binding sites. Surprisingly, three promoters show iden-
tical responses to magnesium concentrations that range over four
orders of magnitude. By analyzing and testing a simple model of
transcriptional regulation, we find an explanation for this puzzle
and show that these promoters are indeed differentially regulated
at sufficiently high levels of stimulus. We then use this analysis to
infer an effective level of phosphorylated PhoP as a function of
magnesium stimulus. Our results demonstrate that differential
regulation generally depends on the strength of the stimulus and
highlight how quantitative analysis of stimulus-response curves
can be used to infer properties of cell regulatory circuits that
cannot be easily obtained from in vitro measurements.
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n bacteria, a collection of genes controlled by a common regu-

latory network often show considerable diversity in expression
patterns. In many cases, this differential regulation can be explained
by combinatorial control by multiple transcription factors or by the
action of a single transcription factor that functions as both an
activator and a repressor. However, an additional and more subtle
form of differential regulation can arise for a group of genes when
a transcription factor has significantly different binding affinities for
the various promoters. In this case, increasing concentrations of the
transcription factor can lead to an ordering or hierarchy of tran-
scriptional activation. Such differential regulation has been sug-
gested to play a critical role in cellular processes that require
temporal control, as in the synthesis of complex molecular assem-
blies, or that depend on the strength or type of input stimulus (e.g.,
refs. 1-5).

The PhoQ-PhoP two-component signaling system, which is
found in Escherichia coli, Salmonella, and related bacteria, is an
example of a regulatory circuit that controls expression of a large
collection of genes (6-9). PhoQ is a histidine kinase that
phosphorylates its cognate response regulator PhoP in response
to low extracellular levels of magnesium and to the presence of
some antimicrobial peptides (6, 10-13). Phosphorylated PhoP
(PhoP-P) functions as a regulator of genes associated with
magnesium transport, outer-membrane modification, acid resis-
tance, and pathogenesis (6-9, 14-17).

Recent in vitro studies of several promoters regulated by
PhoQ-PhoP in E. coli identified specific PhoP-binding sites
termed PhoP-boxes (7, 18). Furthermore, PhoP binds some of
these promoters with significantly different affinities. As a result,
these PhoP-regulated promoters may be differentially regulated
in vivo so that with increasing levels of PhoQ stimulation,
promoters with high-affinity binding sites are activated first,
followed by promoters with progressively lower affinity sites. To
explore this possibility, we used two-color fluorescent reporter
strains to measure stimulus-response curves of several PhoQ-
PhoP regulated genes with a high level of precision. Surprisingly,
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we did not observe differential regulation over a large range of
stimulus (magnesium concentration) for several promoters, de-
spite the variations among their PhoP-box sequences and the
significant differences in PhoP-binding affinity in vitro. By
analyzing a simple model of transcriptional regulation and
testing predictions of this model, we find an explanation for this
puzzle and show that these promoters are indeed differentially
regulated at sufficiently high levels of stimulus. Interestingly, we
find that the order of promoter activation in vivo is qualitatively
different from the order expected from in vitro measurements.
We also use our analysis to infer an effective level of phosphor-
ylated PhoP as a function of magnesium stimulus.

Results and Discussion

The Transcription Profiles in Response to Mg2+ Stimulus Are Indistin-
guishable for Several PhoP-Regulated Genes. To study differential
regulation in the PhoQ-PhoP system, we constructed a set of
isogenic, two-color fluorescent reporter strains for four promot-
ers (mgtA, phoPQ, mgrB, and hemL) that have markedly differ-
ent binding affinities for PhoP. Each reporter strain contains yfp,
the gene for yellow fluorescent protein (YFP), under the control
of a particular PhoP-regulated promoter, and cfp, the gene for
cyan fluorescent protein (CFP), under the control of a consti-
tutive promoter (Fig. 1a). In the experiments described below,
CFP fluorescence serves as an internal reference level for
measuring YFP fluorescence in individual cells. This controls for
variations in YFP due to extrinsic variability in gene expression
(19, 20), variability in experimental measurements, and varia-
tions in total protein levels for different culture conditions (21,
22). As a result, the YFP/CFP fluorescence ratio provides a
remarkably precise measurement of transcriptional activity as a
function of stimulus.

The PhoQ-PhoP two-component system is stimulated under
conditions of low extracellular magnesium (23-25). Indeed, the
steady-state YFP/CFP fluorescence ratio of each reporter strain
increased with decreasing concentrations of magnesium (Fig.
1b). The magnesium concentration that results in the half-
maximal transcriptional response to Mg?™ ([Mg?*]so%) was
highest for the mgtd promoter (Fig. 1c), which also has the
highest affinity for PhoP in vitro (7). However, the values of
[Mg?*]s0¢, for the mgrB, phoPQ, and hemL promoters were not
significantly different from each other (Fig. 1c). This suggests
that the Mg?™ response curves in Fig. 1b corresponding to these
three promoters are the same, after compensating for the basal
and maximal levels of transcription at high and low magnesium,
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Fig. 1. Transcription profiles of four PhoP-regulated promoters in response
to extracellular [Mg2™]. (a) Each reporter strain contains a chromosomal copy
of yfp controlled by a PhoP-regulated promoter, and a copy of cfp, controlled
by a constitutive promoter (tetA promoter), at the attachment sites of A and
HKO022 phages, respectively. The expression of CFP from the tetA promoter is
constant over the range of magnesium concentrations used in our experi-
ments (22). (b) Steady-state transcription of PhoP-regulated promoters as
measured by the YFP/CFP fluorescence ratio of single cells. Cultures were
grown at 37°Cin minimal medium containing the indicated concentrations of
MgSOa. Each point indicates the mean of two independent cultures, and each
bar indicates the corresponding range. The dotted lines denote fits to satu-
rating curves. (c) Concentration of magnesium at which YFP/CFP is halfway
between the maximal and minimal values, determined for each promoter
from the fitted curves in a. Bars denote the errors from the nonlinear fits. (d)
Normalized curves from b. Each curve was normalized by shifting and rescal-
ing by constants. For details of the analysis, see S/ Text.

respectively. To check this, we normalized the curves by shifting
and rescaling so that they coincide at regions of high and low
Mg2" [for details, see supporting information (SI) Text]. After
normalization, the Mg?* response curves of the mgrB, phoPQ,
and hemL reporter strains were indistinguishable (Fig. 1d). This
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result was not due to the particular method of constructing the
reporters because an operon fusion of yfp to mgrB at its wild-type
locus showed the same normalized curve as the mgrB promoter
reporter (SI Fig. 5). In addition, the normalized Mg?* response
curve for the mgt4 promoter did not overlap with the corre-
sponding curves for the mgrB, phoPQ, or hemL promoters (Fig.
1d). Under identical growth conditions, the four reporter strains
should have the same intracellular concentration of PhoP-P
([PhoP-P]). Therefore, our results suggest that the normalized
transcriptional responses of the mgrB, phoPQ, and hemL pro-
moters to [PhoP-P] are indistinguishable in cells grown under the
steady-state conditions described in Fig. 1.

We did not observe a hierarchy of transcriptional activation
among all four PhoP-regulated promoters in response to differ-
ent levels of magnesium. In fact, three of the promoters showed
the same transcriptional profile. One possible explanation for
this striking result is that PhoP-P has identical binding affinities
at the mgrB, phoPQ, and hemL promoters in vivo. However, this
seems unlikely because the sequences of the PhoP-boxes are
substantially different (see Fig. 3a) and PhoP binds the promot-
ers with different affinities in vitro (7) (SI Fig. 6). Furthermore,
the results described below suggest that the in vivo binding
affinities of PhoP-P for the three promoters are indeed different.
An alternative explanation is that the level of PhoP-P remains
below the in vivo PhoP-P dissociation constants for the mgrB,
phoPQ, and hemL promoters throughout the range of [Mg?*] in
Fig. 1b. For this range of [PhoP-P], the fractional occupation of
these promoters by PhoP-P will be proportional to [PhoP-P] (or
proportional to a power of [PhoP-P] for the case of cooperative
binding). Furthermore, if we assume that transcriptional activa-
tion of a PhoP-regulated promoter is proportional to the frac-
tional occupation by PhoP-P, then the normalized transcription
profiles as a function of [PhoP-P] (or equivalently [Mg?*]) will
be indistinguishable for the mgrB, phoPQ, and hemL promoters.
The distinct behavior of the mgt4 promoter can then be attrib-
uted to a significantly lower PhoP-P binding constant. These
points are illustrated in Fig. 2 and are tested experimentally
below.

In the above analysis and in what follows, we have made the
simplifying assumption that a single molecule of PhoP-P binds to
a PhoP-regulated promoter. However, the conclusions are sim-
ilar for the cases of binding by a PhoP-P dimer or of cooperative
binding.

The Differential Regulation of mgtA Relative to mgrB, phoPQ, and
hemlL Is Associated with the mgtA PhoP-Binding Site. If PhoP-P levels
in cells grown under the Mg?* conditions described in Fig. 1 are
well below the dissociation constants of the mgrB, phoPQ, and
hemL promoters, then our model predicts that the fold change
in transcription corresponding to a change in [Mg?*] within this
range will be the same for these promoters (see Fig. 2c).
Consistent with the results in Fig. 1 and our model, we found that
the fold increase in transcription from 10 mM to 100 uM [Mg2"]
was comparable for mgrB, phoPQ, and hemL (Fig. 3b). In
contrast, mgtA showed a significantly lower fold increase (Fig.
3b), which suggests that [PhoP-P] at 100 uM [Mg?*] is compa-
rable to or greater than the dissociation constant for the mgtA
PhoP-box, Kgmg4. To determine whether the distinct Mg?*
response of the mgtA promoter is associated with the PhoP-
binding site, we similarly measured the fold increase in tran-
scription for hybrid promoters in which the PhoP-boxes of
the mgrB and mgtA promoters were swapped (Fig. 3a and ¢). The
hybrid promoter constructed by replacing the PhoP-box in the
mgtA promoter with the mgrB PhoP-box (hybrid 1) showed a fold
increase in transcription that was identical with that of the mgrB
promoter. The reciprocal hybrid, with the mgtA PhoP-box re-
placing the mgrB PhoP-box in the mgrB promoter (hybrid 2),
showed a fold increase in transcription that was intermediate
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Fig.2. A comparison of hypothetical PhoP-P binding curves and normalized
transcription profiles for three promoters with different PhoP-P dissociation
constants. (a) PhoP-P binding curves for three promoters (A, B, and C) with
different dissociation constants. P1 and P, denote [PhoP-P] at high and low
[Mg2], respectively. In this study, we assume simple binding at these promot-
ers; however, the conclusions of this analysis are the same for the cases of
binding by a PhoP-P dimer or of cooperative binding. We also assume in this
analysis that the rate of transcription for a particular promoter is a linear
function of its fractional occupancy by PhoP-P. (b) The transcription profiles of
the promoters in a normalized so that the transcription levels coincide at P4
and P,. The promoters with PhoP-P dissociation constants above P, (promoters
B and C) have normalized transcription profiles that are essentially indistin-
guishable. In contrast, promoter A, which has a dissociation constant below P,
has adistinct normalized transcription profile. (c) Fold increase in transcription
from Py to P, for the promotersin a. Note that promoters with different PhoP-P
dissociations constants greater than P, (promoters B and C) show the same fold
increase. For details of the analysis, see S/ Text.

between those of the mgrB and mgtA promoters. A second hybrid
mgrB promoter, which has a larger substitution of the PhoP-
binding region from the mgt4 promoter (hybrid 3), showed a fold
increase in transcription that was identical with that of mgtA.
These results provide further evidence that the differential
regulation of the mgt4 promoter, relative to the mgrB, phoPQ,
and hemL promoters, is due to a lower PhoP-P dissociation
constant for the mgt4 PhoP-binding site. The results also suggest
that additional sequences adjacent to the PhoP-box consensus
sequence may play a role in determining PhoP-P binding affinity
in vivo at some promoters.

A recent study has shown that a Mg?*-responsive riboswitch
within the 5'-UTR of the mgtA transcript contributes to magnesium
regulation of mgt4 expression in Salmonella typhimurium (26).
Computer analysis suggested that the 5'-UTR of the E. coli mgtA
transcript may also function as a riboswitch (26). Our E. coli mgtA
reporter construct contains the native mgt4 5'-UTR (263 base
pairs) upstream of the yfp start codon. However, a different mgt4
reporter strain, which contains only 16 base pairs from the native
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Fig. 3. Relative transcriptional activation for wild-type and mutated pro-
moters. (a) Sequences of the consensus PhoP-box, the PhoP-boxes of the
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1 consists of the mgtA promoter with the mgrB PhoP-box. Hybrid 2 and hybrid
3 consist of the mgrB promoter with the mgtA PhoP-box and with portions of
flanking mgtA sequence, respectively. (b) Fold increase in transcription of
wild-type promoters (relative to the fold increase of mgrB transcription) for
cells grown in 100 uM Mg2* compared with 10 mM Mg?2*. Fold increase is
definedtobethe following: [(YFP/CFP)‘]OQ uMMg2+ — (YFP/CFP)mo M Mgz+,Apth]/
[YFP/CFP)10 mm mg2+ — (YFP/CFP)10 mm Mg2+,apho0]- (€) Fold increase as in b for
several mutated promoters listed in a. Two different versions of the mgtA
reporter are also compared. UTR1 has the native 5'-UTR for mgtA, which
includes a potential riboswitch. UTR2 has a truncated 5’-UTR with only 16 base
pairs of the original 263 base pairs in the mgtA 5'-UTR. (d) Fold increase in
transcription of various promoters (relative to the fold increase of mgrB
transcription) for cells exposed to LL-37 in 100 uM Mg2* for 1 h, compared with
cells in 100 uM Mg?* without LL-37. Fold increases were computed by using
YFP/CFP values determined from two independent cultures. The bars denote
estimates of the error determined from the corresponding ranges of the
YFP/CFP measurements.

mgtA 5'-UTR, exhibited the same response to Mg?* (Fig. 3¢). In
addition, the hybrid 3 construct described above, which produces a
transcript that completely lacks the mgtA4 5'-UTR, showed the same
response to Mg?™ as that of the mgtd promoter (Fig. 3b). If there
is a riboswitch in the mgt4 5'-UTR in E. coli, our results suggest that
it is not sensitive to the range of [Mg>*] in our experiments.

The Mg2+ Response of the mgrB Promoter Is Insensitive to PhoP-Box

Mutations That Weaken Transcription. If the levels of PhoP-P
associated with the range of [Mg?*] used in our experiments are
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well below the dissociation constant of a particular promoter,
then mutations that decrease the PhoP binding affinity, i.e., raise
the dissociation constant, should not affect the normalized
transcriptional response to a change in [Mg?*]. To test this, we
weakened the mgrB promoter by mutating its PhoP-box. Two
bases within the PhoP-box of the mgrB promoter that are also
present within the consensus sequence were individually mu-
tated (Fig. 3a). The YFP expression levels from the two mutated
promoters were markedly attenuated compared with the corre-
sponding level for the mgrB promoter (SI Fig. 7 Left). Never-
theless, for both promoters, the fold increases in transcription
and the normalized Mg?* response curves were comparable with
the corresponding data for the wild-type mgrB promoter (Fig. 3c
and SI Fig. 7 Right). Thus, consistent with the predictions of our
model, weakening the mgrB PhoP-box does not affect the
relative transcriptional response for [Mg?*] over the range 100
mM to 10 uM.

Stimulation of PhoQ with the Antimicrobial Peptide LL-37 Reveals
Differential Regulation of mgrB, phoPQ, and hemL. The above results
suggest that if the mgrB, phoPQ, and hemL promoters have
significantly different PhoP-P dissociation constants, then dif-
ferential regulation will emerge at sufficiently high levels of
PhoP-P. However, such levels must be higher than those ob-
tained for growth in 10 uM Mg?*. We found that it was difficult
to achieve steady-state growth conditions for magnesium con-
centrations <10 uM, presumably because the cells continually
deplete the magnesium in the culture medium. We therefore
used the antimicrobial peptide LL-37 to further stimulate PhoQ.
LL-37 has been shown to activate the PhoQ-PhoP system in S.
typhimurium (13). Similarly, for E. coli cells growing in 100 uM
Mg?*, the addition of LL-37 resulted in increased PhoP-
regulated transcription (data not shown). Notably, the mgrB,
phoPQ, and hemL promoters showed distinct transcriptional
responses to LL-37 (Fig. 3d) in contrast with the indistinguish-
able Mg?* responses described above (Fig. 3b). Thus, the
increased PhoQ stimulation from exposure to LL-37 resulted in
differential regulation of all four promoters.

The promoter with the highest fold increase in transcription
was phoPQ (Fig. 3d), which suggests that the phoPQ promoter
has the largest PhoP-P dissociation constant among the promot-
ers tested in this study. Interestingly, this would provide maximal
amplification of other PhoP-regulated promoters from phoPQ
autoregulation before saturating PhoP production. However,
this result is in striking contrast with the results from in vitro
measurements that suggest the PhoP dissociation constant of the
phoPQ promoter is lower than those of mgrB and hemL (see ref.
7 and SI Fig. 6). The in vitro measurements were made with
unphosphorylated PhoP (see ref. 7 and SI Text). We were not
able to produce sufficiently high levels of phosphorylated PhoP
to perform the analogous in vitro measurements with PhoP-P. A
previous study has shown that high-level expression of PhoP
activates transcription of PhoP-regulated promoters indepen-
dently of PhoQ or of phosphorylation (27). To determine
whether overexpression of unphosphorylated PhoP leads to
differential regulation of mgtA, mgrB, phoPQ, and hemL pro-
moters, we overexpressed PhoP in AphoQ reporter strains. We
found the differential regulation was similar to the in vivo results
described above for phoQ* strains and in marked contrast with
the in vitro PhoP binding measurements (SI Fig. 8). These results
suggest that the observed differences between the in vitro and in
vivo data are due to additional factors that affect PhoP binding
affinity at PhoP-regulated promoters in vivo that are absent in
the in vitro measurements.

Our model predicts that a promoter containing mutations that
weaken the affinity of PhoP-P for its PhoP-box should also
exhibit differential regulation, relative to the wild-type pro-
moter, at sufficiently high levels of PhoP-P. To test this, we
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measured the transcriptional response to LL-37 for the mgrB
promoters with either T7A or A6C substitutions in the PhoP-box
(Fig. 3a). Both mutated promoters showed fold increases in
transcription from stimulation with LL-37 that were above that
of the wild-type mgrB promoter. These results are also consistent
with the observation that the T7A substitution was the weakest
of the three promoters: the T7A substitution showed the most
attenuated Mg?* response curve (SI Fig. 7 Left) and displayed
the largest fold increase in transcription (Fig. 3d).

Taken together, the above results suggest that the mgtA,
phoPQ, mgrB, and hemL promoters are differentially regulated
under conditions that strongly stimulate the PhoQ-PhoP system
(e.g., the presence of LL-37).

Effective PhoP-P Binding Curves. Within the context of our model,
we can associate each transcription level of a PhoP-regulated
promoter with a distinct value of [PhoP-P]. We call these values
effective PhoP-P concentrations ([PhoP-P]estective) because they
are model dependent and may not reflect the actual concentra-
tions of PhoP-P within the cell. Because [PhoP-P]egfective should
be the same in every reporter strain for a given growth condition,
it provides a means to relate transcription levels of the PhoP-
regulated promoters to each other. To extract a complete curve
of transcription as a function of [PhoP-P]efective fOr a particular
promoter, transcription measurements for sufficiently high levels
of PhoQ stimulation such that the promoter approaches maximal
binding to PhoP-P (saturated binding) are required. This will
occur at PhoP-P concentrations well above the dissociation
constant for the promoter (Fig. 2a). We were unable to observe
saturation of any of the PhoP-regulated promoters studied here
by varying either magnesium or LL-37 concentrations. Appar-
ently, we were not able to reach sufficiently high levels of PhoP-P
with either stimulus of PhoQ under our experimental conditions.
Therefore, to reach higher levels of transcriptional activation, we
used a constitutively active PhoP mutant, which we denote by
PhoP.,. When we expressed PhoP., from an inducible promoter,
we found that transcription from the mgtA promoter leveled off
at high levels of induction, whereas transcription from the mgrB,
hemL, and phoPQ promoters continued to increase (Fig. 4a and
data not shown). This suggests that at the highest levels of PhoP,,
reached in these experiments, the mgt4 promoter is saturated.

By using this PhoP,-induction data and the model described
in Fig. 2, we determined the curves of transcription as a function
of [PhoP-P]ctective for the mgtA, mgrB, and hemL promoters (Fig.
4b) (for details, see SI Text). Concentrations are expressed in
units of Kq ¢4, the dissociation constant of PhoP-P for the mgt4
promoter. For the case of mgrB, the fit determined the dissoci-
ation constant for PhoP-P at the mgrB promoter to be
~10Kqmg4. For the hemL promoter, we found the range of
[PhoP-P]cective resulting from expression of PhoP., was too low
to determine Kgpemr. Although the curves in Fig. 4b were
determined by using only PhoP., expression data, the points
corresponding to LL-37 stimulation (open symbols) are in good
agreement.

From this analysis, we also inferred [PhoP-Pegfective for cells
grown in various concentrations of magnesium (Fig. 4¢). These
were separately determined from the YFP/CFP data for the
mgtA and mgrB promoters (Fig. 1b). The two resulting curves are
in close agreement (Fig. 4c). For the lowest magnesium level (10
uM [Mg?*]), [PhoP-Plettective is well below the dissociation
constant for mgrB, which is consistent with our conclusions
above concerning the differential regulation of mgrB and mgtA
promoters. This differential regulation is further illustrated in
Fig. 4d, which shows the extent of PhoP-P binding to the two
promoters (within the context of our model) as a function of
magnesium. The dashed curves, which were determined from
PhoP,, expression data (Fig. 4b), are in close agreement. These
results suggest that the plateau in the Mg?* response curves at
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construction. The open symbols denote transcription levels from stimulation
with LL-37 in strains with wild-type phoP, which were not used in determining
the fits. (¢) [PhoP-Pleffective as a function of [Mg2?*] determined from the
transcription data in Fig. 1b for mgtA (diamonds) and mgrB (squares). (d)
Inferred [PhoP-Pleffective bound at the mgtA (diamonds) and mgrB (squares)
promoters for cells grown in the levels of magnesium shown in Fig. 1b. The
[PhoP-Pletfective Values are the means of the corresponding values in c. The
curves are derived from the fitsin b. For a and b, each point is the mean of two
independent cultures, and each bar, which is smaller than the data symbol in
some cases, denotes the range. For c and d, bars denote the errors associated
with the nonlinear fits. For details of the analysis, see S/ Text.

low magnesium (Fig. 1) is due to a corresponding plateau in the
levels of PhoP-P as a function of [Mg?*] (Fig. 4c). Interestingly,
we have found that PhoP-regulated transcription is further
activated in a PhoQ-dependent manner when cells are exposed
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to growth-limiting levels of Mg?*, which are well below 10 uM
(data not shown). There is considerable evidence that magne-
sium stimulation acts by direct interaction with PhoQ (10, 23-25,
28). The above results suggest this activation is not characterized
by magnesium binding with a single dissociation constant. This
is plausible given the multiple magnesium ions and multiple
acidic residues in the PhoQ periplasmic domain that appear to
be involved in this interaction (25).

For the above analysis, we have assumed for simplicity that
each promoter binds a single PhoP-P molecule. However, the
results can be easily extended to the case of binding by multiple
PhoP-P molecules. For example, if PhoP-P binds promoters as a
dimer, then the curves in Fig. 4 b—d remain unchanged provided
the points corresponding to specific values of [PhoP-P]csfective are
now interpreted as values of [PhoP-P]%freciive. FOr the general
case of cooperative binding characterized by a Hill constant £,
[PhOP'P]CffCCtiVC is replaced with [PhOP-P]hcffcctivc.

Concluding Remarks. We found that the relative responses of three
PhoP-regulated promoters were identical over a remarkably
large range of magnesium concentrations (Fig. 1d). Consistent
with the predictions of a simplified model of transcriptional
activation, differential regulation of these genes emerged at
higher levels of PhoQ stimulus by treatment with the antimi-
crobial peptide LL-37 (Fig. 3d). Interestingly, even at the highest
levels of stimulation, the promoters for mgrB, hemL, and phoPQ
were apparently far from the maximal activity associated with
saturated binding by PhoP-P (Fig. 4b). It is possible that maximal
activity could be reached with different environmental condi-
tions, such as the presence of other antimicrobial compounds or
growth in much lower levels of magnesium. However, it is also
possible that some PhoP-regulated promoters will remain far
from saturation under all growth conditions. In this case, these
promoters would be maximally responsive to changes in PhoQ
activity for the range of PhoQ stimulation encountered by E. coli
under physiological conditions.

Our results also highlight how stimulus—response curves, when
measured with high precision, can be used to infer the param-
eters characterizing cell regulatory circuits in situ. This approach
is complementary to in vitro biochemical measurements, which
may be difficult to carry out in some cases and which may not
always accurately reflect the conditions inside the cell, e.g.,
because of biochemical and biophysical differences between the
in vitro and in vivo environments (29). Indeed, our results suggest
that current in vitro measurements of PhoP binding to promoters
do not accurately reflect the relative binding affinities in vivo.
Importantly, we find that this cannot be simply explained by the
absence of PhoP phosphorylation in the in vifro measurements,
because we find that high-level expression of PhoP in vivo in the
absence of phosphorylation shows the same ordering of pro-
moter activation (SI Fig. 8). Our analysis, which is based on the
steady-state behavior of the system, has some features in com-
mon with studies of activation kinetics of genetic circuits (30, 31).
These approaches depend on assumptions concerning the phys-
ical, chemical, and biological mechanisms controlling gene ex-
pression in vivo. Therefore, the interpretation of our measure-
ments must be viewed within this context. In particular, we
assume that interactions of PhoP-P with regulatory sites at
promoters can be described by a simple model of equilibrium
binding, and that the extent of transcriptional activation is
proportional to the fraction of bound PhoP-P at the promoter.
These assumptions, which are simplifications of more accurate
models of transcriptional regulation (e.g., ref. 32), are sufficient
to account for the experimental measurements described here.
Regardless of whether [PhoP-P]estective has a simple relationship
to actual intracellular levels of PhoP-P, this parameter provides
a unifying framework for analyzing and comparing PhoP-
regulated promoters. This is evident from the excellent agree-
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ment between the transcription data for PhoQ stimulation via
low [Mg?*] or LL-37 and the transcription curves determined
independently from PhoP., data (Fig. 4 b and d). Further studies
with a larger range of stimuli, combined with precise kinetics
measurements, will lead to a more refined model of the PhoQ-
PhoP system and related regulatory circuits from in situ
measurements.

Materials and Methods

Strains and Growth Conditions. All E. coli strains used in this study
were derived from the K-12 strain MG1655 (33). A table of
strains and plasmids with the details of their construction is given
in SI Text.

Before each experiment, cells were grown overnight at 37°C in
minimal A medium (34) containing 1 mM MgSOy and supple-
mented with 0.1% casamino acids and 0.2% glucose. Plasmids
were maintained by using 50 pwg/ml ampicillin. The pTrc-derived
promoters were induced with isopropyl-B-D-thiogalactoside. For
the data in Figs. 1 and 3 b and c, cultures were diluted 1:10* into
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prewarmed media with the level of MgSO, indicated in the figure
and grown at 37°C for 3.5 h. We verified steady-state conditions
were reached by measuring cellular fluorescence at several time
points (data not shown). In experiments involving LL-37 and
PhoP., (Figs. 3d and 4, respectively), a dilution of 1:1,000 was
used and cells were grown for 4.5 h. LL-37 was added after 3.5 h.
At appropriate times, cultures were cooled quickly in an
ice-slurry, and streptomycin was added to 250 ug/ml to inhibit
further translation. When necessary, cultures were centrifuged at
4°C and resuspended in ~10 ul to concentrate the cells. Cellular
fluorescence was measured by fluorescence microscopy as de-
scribed previously (22). For further details, see SI Text.
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